There are several mechanisms that affect a gas when using discharge plasma to initiate combustion or to stabilize a flame. There are two thermal mechanismsthe homogeneous and inhomogeneous heating of the gas due to 'hot' atom thermalization and vibrational and electronic energy relaxation. The homogeneous heating causes the acceleration of the chemical reactions. The inhomogeneous heating generates flow perturbations, which promote increased turbulence and mixing. Non-thermal mechanisms include the ionic wind effect (the momentum transfer from an electric field to the gas due to the space charge), ion and electron drift (which can lead to additional fluxes of active radicals in the gradient flows in the electric field) and the excitation, dissociation and ionization of the gas by e-impact, which leads to non-equilibrium radical production and changes the kinetic mechanisms of ignition and combustion. These mechanisms, either together or separately, can provide additional combustion control which is necessary for ultra-lean flames, high-speed flows, cold low-pressure conditions of high-altitude gas turbine engine relight, detonation initiation in pulsed detonation engines and distributed ignition control in homogeneous charge-compression ignition engines, among others. Despite the lack of knowledge in mechanism details, non-equilibrium plasma demonstrates great potential for controlling ultra-lean, ultra-fast, low-temperature flames and is extremely promising technology for a very wide range of applications.
The use of thermally equilibrium plasma for combustion control dates back more than a hundred years to internal combustion engines and spark ignition systems. The same principles are still applied today to achieve high efficiency in different applications. Recently, the potential use of non-equilibrium plasma for ignition and combustion control has garnered increasing interest A non-equilibrium EEDF can be found as a solution of the Boltzmann equation. In the simplest case, one can approximate the solution by a local, steady-state function that only depends on the local electrical field [8] . Further simplification is possible using the so-called two-term approximation (the electron distribution function is presented in the form f (v) = f 0 (v) + f 1 (v) cos(θ ) [8] , where v is the electron velocity and θ is the angle between v and E) using a full set of cross sections for electron-molecule collisions. Table 1 shows self-consistent sets of electron cross sections available for plasma-assisted combustion modelling at this time.
The EEDF that is obtained can be used for calculations of the energy branching through the different degrees of freedom. Figure 2 demonstrates energy branching through the internal degrees of freedom of selected gases for different E/n values in a discharge. Rotational excitation dominates at a very low E/n, approximately 0.1 Td. Fast energy exchange between the rotational and translational degrees of freedom causes thermally equilibrium gas heating in this type of discharge. An increase in the E/n value up to 0.4 Td changes the energetic priorities.
Above this point, the main mechanism of electron energy loss becomes the vibrational excitation of oxygen. The most efficient mechanism of electron energy loss is the excitation of 
Tr + rot 10 -2 energy loss fraction Under low-temperature conditions, vibrational-translational (VT) relaxation is a rather slow process, and the vibrational temperature in the discharge can be higher than the translational temperature of molecules. In the same region of E/n values, the excitation of the lowest electronic level of oxygen, the O(a 1 ) state, occurs. The efficiency of this electronic excitation in the presence of nitrogen is very small (approx. 2%), but the low rate of singlet oxygen quenching under some conditions can lead to an increase in its concentration.
It should be noted that the electric field value of E/n approximately 120 Td is a very important threshold in air. Above this point, the electric field is strong enough to ionize the gases in the air, and the discharge can propagate in a self-sustained manner. Below this value, a discharge can exist only in the presence of an external source of ionization. At E/n values from 140 to 500 Td, the main mechanism of energy loss is the excitation of the electronic triplet states of nitrogen. Because of the high electron energy in this range of E/n (from 3 to 10 eV, respectively), the ionization of the gas in the discharge gap is very fast. Between 500 and 1000 Td, the excitation of nitrogen singlet states becomes most significant, and above an E/n of 1000 Td the main portion of the electron energy goes to the ionization of the gas.
The presence of fuel additives (figure 2b) does not change this picture dramatically. The main reason is the relatively small concentration of fuel molecules in the mixture under typical combustion conditions. Figure 2b demonstrates the effect of methane on electron energy branching. A stoichiometric mixture of H 2 -air (CH 4 : O 2 : N 2 = 1 : 2 : 8) contains approximately 9.1% of methane. It is clear from the calculations that these additives only change the energy branching slightly at moderate and high E/n values, more than 20 Td. The excitation of molecular nitrogen remains the main process. The vibrational and electronic excitation and ionization of methane only change the energy branching slightly (figure 2b). At a low E/n, less than 10 Td, the influence of methane addition becomes more significant. The vibrational excitation of methane is the main mechanism of energy losses for an E/n = 5-10 Td. The role of the rotational excitation of methane is also important and increases the energy flux into the rotational and translational degrees of freedom under low E/n conditions (figure 2b).
The electron multiplication process is most important for discharge development kinetics. Ionization, processes of charge transfer and recombination reactions were included in the kinetic model ( figure 3) .
As a result of gas ionization and electron-ion recombination, we have fast gas heating, hot atom formation, electronically excited radical production and ionic chain development. These It is well known that the dissociation of molecules by electrons and photons goes through repulsive energy surfaces, and the excessive energy is converted into the translational motion of the products. Thus, several of the very first collisions of these products with their neighbours will take place with a huge energy (typically 1-5 eV). This energy is enough to overcome reaction thresholds for all possible channels including even direct dissociation in one collision. Thus, the reactivity of these 'hot' radicals increases dramatically; almost non-reactive at T = 300 K O( 3 P) with additional kinetic energy will react with N 2 , H 2 , and hydrocarbons in chain-branching reactions. The influence of this effect decreases with the temperature increase because, at high temperatures, atomic oxygen has significant reactivity even without additional energy. Thus, at low-temperature conditions, we have to take into account translational non-equilibrium effects. They increase the rate of production of radicals by two to four times depending on conditions, but we can neglect their influence at high temperatures. This process is concentration dependent. In diluted mixtures, we can expect complete thermalization of the hot atoms before they collide with possible reagents. Vice versa, in undiluted mixtures, the reaction channel will always prevail (that is probably the real reason this channel was not discovered before-in strongly diluted mixtures, its influence is negligible).
Vibrational excitation leads to the acceleration of reactions. At high temperatures, two factors decrease the role of non-equilibrium vibrational excitation: (i) increase of the reactivity of unexcited molecules and (ii) increase of the VT relaxation rates. That is why, at high temperatures, we can consider that the population of vibrational levels is in equilibrium with the translational degrees of freedom; corrections to 'non-equilibrium' population are rather small (figure 5).
At low temperatures, the reactions with the participation of unexcited molecules are too slow. Under these conditions, two major 'vibrational' pathways take place. Firstly, vibrational excitation of reagents accelerates chain-branching reactions. For example, hydrogen by electron impact and reaction of H 2 (v) with oxygen (reaction H 2 (v = 1) + O → H + OH(v = 1) is 3000 times faster than the same reaction with H 2 (v = 0) at T = 300 K). Secondly, the vibrational excitation of nitrogen by electron impact accelerates the peroxide decomposition. This process has a limiting step of vibrational energy transfer from N 2 (v) to HO 2 : N 2 (v) + HO 2 → N 2 + HO * 2 which is followed by the fast decomposition of vibrationally excited HO 2 and active radical regeneration in the mixture. This mechanism can elongate the chemical chains below the self-ignition threshold by one to two orders of magnitude, and dramatically change the chemical energy release during the non-equilibrium stage of ignition.
Thus, there are several mechanisms that affect a gas when using discharge plasma to initiate combustion or to stabilize a flame. There are two thermal mechanisms-the homogeneous and inhomogeneous heating of the gas due to 'hot' atom thermalization and vibrational and electronic energy relaxation. The homogeneous heating causes the acceleration of the chemical reactions. The inhomogeneous heating generates flow perturbations, which promote increased turbulence and mixing. Non-thermal mechanisms include the ionic wind effect (the momentum transfer from an electric field to the gas due to the space charge), ion and electron drift (which can lead to additional fluxes of active radicals in the gradient flows in the electric field) and the excitation, dissociation and ionization of the gas by e-impact, which leads to non-equilibrium radical production and changes the kinetic mechanisms of ignition and combustion [1] .
These mechanisms, either together or separately, can provide additional combustion control which is necessary for ultra-lean flames, high-speed flows, cold low-pressure conditions of high-altitude gas turbine engine relight, detonation initiation in pulsed detonation engines and distributed ignition control in homogeneous charge-compression ignition engines, among others. Despite the lack of knowledge in mechanism details, non-equilibrium plasma demonstrates great potential for controlling ultra-lean, ultra-fast, low-temperature flames and is extremely promising technology for a very wide range of applications.
